Recent studies have shown that sodium-glucose cotransporter 2 inhibitors decrease the risk of heart failure in patients with type 2 diabetes. However, the precise mechanisms of action of these drugs are not well understood. In the present study, we evaluated the effect of treatment with tofogliflozin for 6 months on cardiac and vascular endothelial function in 26 patients with type 2 diabetes and heart diseases. Tofogliflozin treatment significantly decreased left ventricular end-diastolic dimensions and significantly increased flow-mediated vasodilation. Although E/e 0 did not significantly change after treatment, the decrease observed in the E/e 0 ratio was significantly correlated with the increase in acetoacetic acid and 3-hydroxybutyrate levels. These results suggest that sodium-glucose cotransporter 2 inhibitor might improve left ventricular dilatation and vascular endothelial function in patients with type 2 diabetes. Furthermore, it is suggested that the elevation of ketone bodies induced by sodium-glucose cotransporter 2 inhibitors might contribute to a protective effect in left ventricular diastolic dysfunction.
INTRODUCTION
Heart failure (HF) is a common and serious comorbidity in patients with type 2 diabetes, and its prevention is crucial 1 . Recent findings from the large clinical trials showed a significant reduction in hospitalization for HF in patients receiving a sodium-glucose cotransporter 2 (SGLT2) inhibitor compared with those receiving a placebo 2, 3 . However, the mechanisms involved in the prevention of cardiovascular disease by SGLT2 inhibitors remain unclear, and the effects of SGLT2 inhibitors on cardiac function are not well understood. Furthermore, previous studies showed that diabetes is an independent risk factor for HF with preserved ejection fraction (HFpEF) due to left ventricular diastolic dysfunction 4 . Therefore, we aimed to evaluate the effects of tofogliflozin, an SGLT2 inhibitor, on cardiac function including left ventricular diastolic dysfunction and vascular endothelial function in patients with type 2 diabetes and heart disease.
METHODS

Study design
This was a single-center, single-arm, intervention exploratory clinical study. A total of 30 outpatients with type 2 diabetes and a history of heart disease (ischemic heart disease, arrhythmia, valvular heart disease, cardiomyopathy and congenital heart disease) were enrolled. Key exclusion criteria were severe renal disease (estimated glomerular filtration rate <45 mL/min/ 1.73 m 2 ), low body mass index (<18), past history of cerebral infarction, implantation of a cardiac pacemaker and dose of diuretics changed within the last 3 months. All participants provided written informed consent, and the study was approved by the local ethics committee and carried out in accordance with the Declaration of Helsinki. Eligible participants received 20 mg of tofogliflozin daily for 6 months. The primary outcome of the study was change in cardiac echo parameters and B-type natriuretic peptide (BNP) after 6 months. The major secondary outcome was change in flowmediated vasodilatation (FMD).
Laboratory analysis
Blood samples were collected after 12-h fasting. We measured the levels of A-type natriuretic peptide (ANP), BNP, ketone bodies (acetoacetic acid [AcAc] and 3 hydroxybutyrate [3-OHBA]), leptin, adiponectin and lipid profiles, before and after 6 months of treatment.
Cardiac echography and FMD of brachial artery
Echocardiography was carried out at baseline and after 6 months of treatment. We measured left ventricular end-diastolic dimension, left ventricular diameter at end-systole, ejection fraction, deceleration time, left atrial dimension and mitral E/e 0 average ratio. Peak early diastolic tissue velocity (E 0 ) was measured from the septal and lateral aspects of the mitral annulus. FMD was carried out using UNEXEF 38G (UNEX, Nagoya, Japan) 5 . All studies were carried out in the morning, after overnight fasting, in a quiet, dark, air-conditioned room (constant temperature of 22-25°C). After resting for 15 min, the pressure cuff was placed on the forearm to capture baseline images of brachial artery using high-resolution ultrasound. Then, the cuff was inflated and kept at 50 mmHg above the systolic blood pressure to occlude the brachial artery. The cuff was released 5 min later, and the image of brachial artery was captured continuously. The diameters of the brachial artery on the rest and the maximum diameter at post-hyperemia were used to calculate percentage FMD (%FMD).
Statistical analysis
Changes in each of the measured parameters before and after 6 months of treatment were evaluated using the paired t-test or Wilcoxon signed-rank test. To evaluate the association among ketones, glycated hemoglobin (HbA1c) and change in hematocrit (Ht) and changes in cardiac parameters, a correlation analysis was carried out. All analyses were carried out using JMP software, version 10.0.0 (SAS Institute, Cary, NC, USA). All P-values were two-tailed, and P < 0.05 was considered to show statistical significance. All confidence intervals were calculated at the 95% level. Data were expressed as the meanstandard deviation.
RESULTS
After withdrawal of consent from one patient and administrative problems with three patients, a total of 26 patients participated in the study and received tofogliflozin for 6 months. The baseline characteristics for the 26 patients are shown in Table 1 .
In the current study, left ventricular end-diastolic dimension significantly decreased from 52.3 -7.2 mm to 50.5 -7.7 mm (P = 0.011). BNP level, ANP level and left ventricular diameter at end-systole also decreased; however, the decrease was not statistically significant. Ejection fraction and E/e 0 were not significantly changed by tofoglifrozin treatment. After 6 months, %FMD significantly increased ( Table 2) .
There was a positive correlation between the rate of change of E/e 0 , a marker of diastolic function 6 , and the rate of change of acetoacetic acid and 3-OHBA ( Figure 1 ). Furthermore, in patients with elevated 3-OHBA, E/e 0 significantly decreased after 6 months (baseline 10.51 -2.24 vs after 6 months 9.00 -3.00, P = 0.006, n = 13), whereas E/e 0 did not change in patients without elevated 3-OHBA (baseline 9.54 -3.35 vs after 6 months 10.75 -2.97, n = 13). Rate of change of deceleration time, which is also a marker of diastolic function, was also associated with the rate of change of 3-OHBA. Conversely, the rate of change of HbA1c and Ht were not associated with any cardiac echo parameters (Table 3 ). There was no significant association between the rate change of %FMD and E/e 0 (r = -0.043, P = 0.8391).
None of the patients withdrew as a result of to serious adverse effects, such as urinary tract or genital infection, ketoacidosis, ischemic stroke, or hypovolemia, and none had a severe hypoglycemic attack. 
DISCUSSION
In the current study, we showed that treatment for 6 months with tofogliflozin significantly decreased left ventricular end-diastolic dimension, suggesting that SGLT2 inhibitors might ameliorate cardiac load, particularly volume load. SGLT2 inhibitors reduce the systemic volume load, as they stimulate osmotic diuresis and sodium excretion.
A recent report showed that patients with E/e 0 of diabetes and HF were improved by SGLT2 inhibitor 7 . However, the mechanism is still unclear. In the present study, decrease in E/ e 0 was associated with an increase in ketone bodies. To the best of our knowledge, this is the first report showing an association between ketone body increase by SGLT2 inhibitor and left ventricular diastolic function improvement. A previous report suggested that in hyperketonemia induced by SGLT2 inhibitors, the use of b-hydroxybutyrate as an energy source by the myocardium might be associated with a reduction in cardiovascular events 8 . Indeed, it was reported using a mouse model that the failing heart shifts to use ketone bodies as a significant fuel source 9 . Another experimental study showed that a lack of ketone body metabolism in cardiomyocytes promoted cardiac pathological remodeling 10 . Taken together, it is suggested that tofogliflozin could have preventive effects on HFpEF through elevation of ketone body levels. Therefore, a future clinical study in which the primary outcome is the incidence of HFpEF is required to confirm these findings.
Endothelial dysfunction was recently shown to play a key role in the pathogenesis of HFpEF. Indeed, a clinical observational study showed that decreased %FMD is associated with the incidence of HFpEF 11 . In the present study, %FMD was significantly improved by tofogliflozin treatment in patients with average HbA1c levels of >8.0%. Kumashiro et al. also reported that other SGLT2 inhibitors restored endothelial dysfunction, particularly in patients with diabetes who had high HbA1c levels 5 . Therefore, at least in patients with diabetes with poor glycemic control, SGLT2 inhibitors could improve endothelial function, which might be one of mechanisms used to prevent HF. However, change of %FMD was not associated with change of E/e 0 in the present study. It is possible that for the evaluation of endothelial function of small vessels, for example, the peripheral arterial tonometry ratio 12 might be more suitable, as coronary microcirculation impairment participates in left ventricular diastolic dysfunction 13 .
Analysis of the Empagliflozin, Cardiovascular Outcomes and Mortality in Type2 diabetes trial showed that elevation of hemoglobin and Ht strongly contributed to reduced cardiovascular death 14 . A recent study showed that improved left ventricular diastolic function by canagliflozin is associated with elevation of Ht in patients with diabetes without cardiovascular diseases 15 . However, in the present study, a change in E/e 0 was not associated with a change of Ht in patients with diabetes and cardiovascular diseases. The present study had a small sample size; therefore, it might not be possible to find an association between Ht and left ventricular dysfunction. It is also possible that the mechanisms involved in the preventive effects of SGLT2 inhibitors on left ventricular diastolic function might differ according to the stage of cardiac injury. This study had several limitations. This was a small, singlecenter, single-arm study carried out over a relatively short period of time. Therefore, it was unable to show the precise mechanisms involved in the cardiac protective effects of SGLT2 inhibitors.
In conclusion, the present study showed that tofogliflozin treatment decreased left ventricular volume and restored vascular endothelial function. Furthermore, elevation of 3-OHBG and acetoacetic acid was associated with a decrease in E/e 0 , suggesting that elevation of ketone bodies by tofogliflozin might contribute to improved left ventricular diastolic function.
